Adherence of mucoid and nonmucoid strains of Pseudomonas aeruginosa to tracheal epithelium was studied with a perfused-trachea model. The species specificity of adherence was studied by infecting tracheas from hamsters, guinea pigs, or mice. Perfused tracheas from hamsters were infected with strains of P. aeruginosa in the presence of various sugars, lectins, cations, or charged polymers. Adherence of mucoid strains of P. aeruginosa was greatest for guinea pigs; that for hamsters and mice was approximately the same. Nonmucoid strains did not adhere well to epithelium from any of the species tested. N-Acetylglucosamine, galactose, and N-acetylneuraminic acid were the best inhibitors of adherence of mucoid strains of P. aeruginosa. Phaseolus vulgaris agglutinin and Arachis hypogea agglutinin enhanced adherence of mucoid strains. Adherence of mucoid strains was also enhanced by the presence of Ca21 in the incubation medium. Poly-L-lysine, poly-L-aspartic acid, and polyglycine inhibited adherence of a mucoid strain by 96, 86, and 52%, respectively. In general, the adherence of nonmucoid strains was not affected. The results indicate that carbohydrates are involved in the interaction of mucoid strains of P. aeruginosa with tracheal cells and that divalent cations may enhance this interaction. The lectin data show that lectins can interact with the mucoid organisms and the host and suggest that lectins may play a role in the adhesion process.
Pseudomonas aeruginosa is the major cause of morbidity and mortality in cystic fibrosis (CF) patients, in whom it causes acute, recurrent, and chronic pulmonary infections (6, 7) . The organisms isolated from chronic lung infections produce a mucoid exopolysaccharide (MEP) composed of an acetylated polymer of 1,4-linked D-mannuronic and guluronic acids (2) . The MEP appears to protect the established organisms from phagocytosis (13) and the activity of pulmonary surfactants (4) and antibiotics (5) . The importance of this polysaccharide in colonization has also been demonstrated. The MEP mediates attachment of tnucoid strains of P. aeruginosa to tracheobronchial mucins (11, 14) and to ciliated cells of the lower respiratory tract (1, 9) .
The attachment of P. aeruginosa to acid-injured trachea and mucous glycoproteins has been well characterized (11, 12) . In previous reports, we demonstrated that mucoid strains of P. aeruginosa attached to the normal ciliated epithelium in higher numbers than nonmucoid strains (1, 9) , but the mechanism of attachment was not characterized.
We hypothesized that the MEP was an adhesin which interacted with the glycocalyx on the surface of the cilia. Recent evidence using monoclonal antibodies to MEP confirms the role of MEP in adherence (N. R. Baker, and A. Austria, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987, D102, p. 89). In the present study, the mechanism of attachment of mucoid strains of P. aeruginosa was examined by testing various monosaccharides for inhibition of adherence. The effects of cations, lectins, and charged polymers on adherence were also tested. Furthermore, variability in adherence of P. aeruginosa strains to tracheal epithelia from several species of animals was investigated.
MATERIALS AND METHODS
Bacteria. P. aeruginosa 105M and 214NM used in this study were Quantitative perfused-trachea adherence assay. Quantitation of adherence to perfused tracheal epithelium was done as described previously (9) . Adult male Syrian golden hamsters were sacrificed by intraperitoneal injection with 0.3 ml of 10% sodium brevitol. Each trachea was excised, cut to 11 mm in length, and placed in the groove in the perfusion chamber. The ends of the trachea were blocked with Plexiglas blocks, and minimal essential medium (MEM) containing 1.5% agarose at 45°C was poured over the trachea. When the agar had solidified, the blocks were removed, any agar trapped in the open ends of the trachea was removed carefully, and the trachea was perfused with MEM containing 1.2% N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (MEM-HEPES) (pH 7.4).
Overnight 
, N-acetylneuraminic acid, bovine submaxillary mucin, Triticum vulgaris (wheat germ) agglutinin, Arachis hypogea (peanut) agglutinin, Tetragonolobus purpureas (lotus) aggulutinin, Phaseolus vulgaris agglutinin, Lens culinaris agglutinin, polyglycine (type 1, 6 ,000 molecular weight), poly-L-aspartic acid (sodium salt, 15,000 molecular weight), and poly-L-lysine (hydrobromide, 14,000 molecular weight). Each reagent was dissolved in double-distilled water or MEM-HEPES (pH 7.4) and diluted to the appropriate concentration in MEM-HEPES.
Effects of sugars, mucin, lectins, divalent, cations, or charged polymers on adherence. Each reagent was mixed to the chosen final concentration with the bacterial inoculum immediately prior to inoculation of the perfused explant. The divalent cations tested were solutions of CaC12 and MgSO4. Controls were infected with bacteria in MEM-HEPES only, and all explants were incubated and processed for quantitation of adherent organisms as described previously.
In an attempt to determine whether the inhibiting sugars were binding to the bacterial adhesins, bacteria were incubated with the appropriate sugar at 1 mg/ml for 15 min at 25°C. The bacteria were then washed three times in 5 ml of MEM-HEPES each time by centrifugation at 12,000 x g for 10 min and suspended at 107 CFU/ml for use as an inoculum.
Control bacteria were incubated in MEM-HEPES and washed as described above. As an additional control, the adherence of an unwashed preparation of bacteria was determined.
The dose response for inhibition of adherence of the mucoid strains of P. aeruginosa was determined by infecting the perfused tracheas in the presence of various concentrations of inhibitory agents. Gal and GIcNAc were used at 1,000, 100, 10, and 1 ,ug/ml, whereas mucin was tested at 10, 1, or 0.1 p.g/ml. RESULTS Species specificity of adherence. Comparison of the numbers of organisms adherent to guinea pig, hamster, or mouse tracheal explants revealed no significant differences ( Table  1 ). The number of mucoid organisms adhering to hamster tracheal epithelium was somewhat less than that observed for the other species, but adherence values higher for mucoid organisms than for nonmucoid organisms were confirmed.
Effects of sugars and mucin on adherence. Adherence of mucoid strains of P. aeruginosa to tracheal epithelium was inhibited by all the carbohydrates tested when they were present at 1 mg/ml (Table 2) . N-Acetylneuraminic acid was inhibitory at 0.2 mg/ml (Table 2 ). When the concentration of the monosaccharides was reduced to 0.1 mg/ml, only GlcNAc and Gal inhibited adherence ( Table 2) . Reduction of the concentration of these sugars to 0.01 mg/ml resulted in loss of inhibition of adherence (not shown). Mucin clearly inhibited adherence of the mucoid strains to tracheal epithelium ( Table 2 ). Titration of the mucin revealed that the mucin was inhibitory at concentrations as low as 1 p.g/ml. Adherence of the nonmucoid strain was not inhibited by the sugars or mucin, but mannose caused a slight increase in adherence ( Table 2) . We attempted to determine if the inhibitors were acting on the bacteria or on the epithelium by preincubating bacteria or explants with the sugar and then washing them to remove free inhibitors. However, washing the bacteria caused a significant reduction in adherence, probably due to the loss of the loose exopolysaccharide. The adherence of treated washed bacteria was not different from the adherence of control washed bacteria.
Effect of lectins on adherence. Two lectins, PHA and A. hypogea agglutinin, which belong to the GalNAc-Gal group of lectins, enhanced adherence of the mucoid strain of P. aeruginosa (Table 3) . Adherence of the nonmucoid strain was not altered by the lectins tested.
Effect of calcium or magnesium on adherence. The effects of calcium and magnesium on adherence were different for the two mucoid strains tested. Adherence of strain 105M was enhanced by both cations (Table 4) , whereas adherence of strain 579M was enhanced only when the Ca2+ concentration was raised to 15 mM. Mg2+ did not affect the adherence of strain 579M (Table 4) . Adherence of the nonmucoid strain was enhanced by Mg2+ but not by Ca2+ (Table 4) .
Effect of homocharged polymers on adherence. POlY-Llysine, poly-L-aspartic acid, and polyglycine inhibited adherence of mucoid stains of P. aeruginosa by 96, 80, and 52%, respectively ( Table 5 ). None of the polymers inhibited adherence of the nonmucoid strains. The effects of the polymers on viability of the organisms were determined by doing a plate count of the inoculum after the 2-h infection of the explants. No loss of viability of the organisms was observed.
DISCUSSION
The events which lead to colonization of the lungs of CF patients by mucoid strains of P. aeruginosa have not been elucidated, but several studies have suggested important steps. Nonmucoid strains typical of early colonization of CF patients appear to attach to upper respiratory tract cells which have been stripped of a layer of fibronectin (16) . Fimbriae have been shown to be the adhesins for these organisms (17) . The mucoid strains may arise as variants of the nonmucoid strains and colonize the lower respiratory tract. The mucoid variants can bind to tracheobronchial mucins which plug the bronchioles (13, 14) and to cilia of the ciliated epithelium (1, 9) . Antibodies to MEP block adherence of mucoid strains of P. aeruginosa to mucin (11) and to The role of divalent cations in the adherence of mucoid strains to the tracheal epithelium is not clear. High concentrations of Ca2" (15 mM) enhanced adherence of mucoid strains seven-to ninefold, but this concentration is higher than reported physiological levels. Mg2" had a less dramatic effect. Since the medium used in the assay contains calcium, we have done the assay in phosphate-buffered saline without calcium and obtained similar results.
We have identified a clear selective advantage of the mucoid organisms which may explain, at least partially, the prevalence of these organisms in CF patients. Attachment of the mucoid variants to cilia may be an important early step in colonization of the lower respiratory tract and in persistence in the lungs of patients with impaired mucociliary clearance. Lectins of host or bacterial origin and divalent cations may be involved in the interaction of MEP with the cell surface. Studies which will define the mechanisms of attachment more clearly are in progress. The MEP also is important in protecting the organisms from phagocytosis (13) and the action of antibiotics (5), thus allowing the organisms to persist for long periods. A more complete understanding of the interaction of the organisms with the tissues they colonize may lead to improved methods of prevention and elimination of the infections.
